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(57) ABSTRACT 

The present invention concerns a sphere decoder for maxi 
mum likelihood receiver intended to receive M-PPM-M' 
PAM symbols at M modulation positions and at M' amplitude 
levels from a plurality P of sources. The sphere decoder uses 
a Schnorr-Euchner type enumeration adapted to classify the 
points of a multidimensional PPM-PAM modulation. 
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MAXIMUM LIKELIHOOD DECODER FOR 
PULSE AND AMPLITUDE POSITION 

MODULATION MULTI-SOURCE SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATIONS OR PRIORITY CLAIM 

This application claims the bene?t of a French Patent 
Application No. 07-53532, ?led on Feb. 27, 2007, the disclo 
sure of Which is incorporated herein in its entirety by refer 
ence. 

TECHNICAL FIELD 

The present invention concerns the ?eld of maximum like 
lihood decoding, more particularly for a multi-source system 
using a hybrid pulse and amplitude position modulation. 

STATE OF THE PRIOR ART 

Receivers using a criterion of maximum likelihood, also 
knoWn as ML (Maximum Likelihood) receivers, are Well 
knoWn in the ?eld of telecommunications to be optimal When 
the transmission channel is Gaussian. A description of these 
receivers is found for example in the Work of J. G. Proakis 
entitled “Digital communications”, 4”’ edition, pages 242 
247. Maximum likelihood receivers have in particular been 
envisaged in the ?eld of mobile telecommunications. In order 
to eliminate MAI (multi access interference), a ML receiver 
capable of simultaneously decoding the symbols emitted by 
the different users on the transmission channel (multi-user 
ML receiver) may be used. It can be shoWn that the estimation 
of the symbols transmitted by these users according to the 
criterion of maximum likelihood comes doWn to searching 
among the points of a netWork that Which is the nearest to a 
point representative of the signal received in a space of 
dimension MK Where M is the dimensionality of the modula 
tion used by the K users. The netWork of points is generated 
by the modulation constellations of the different users. This 
method rapidly turns out to be complex for high K, so con 
ventionally one resorts to a decoding knoWn as “sphere 
decoding”, Which limits the search for the closest neighbour 
to the points of the netWork belonging to a noise sphere 
centred on the received point. A description of the sphere 
decoder may be found in the article of E. Viterbo et al. entitled 
“A universal lattice code decoder for fading channels” pub 
lished in IEEE Transactions on Information Theory, vol. 45, 
pages 1639-1642, July 1999. Sphere decoding has been 
applied to systems using PAM or QAM type modulation 
constellations. 
More recently, sphere decoding has been proposed for 

implementing MIMO (Multiple Input Multiple Output) sys 
tem receivers. MIMO system is taken to mean a telecommu 
nication system in Which at least one emitter transmits infor 
mation symbols by means of a plurality of antenna. The 
receiver may have a single antenna (MISO system, acronym 
of Multiple Input Single Output, is then more speci?cally 
used) or a plurality of antenna, the term MIMO being chosen 
here to designate indiscriminately these tWo con?gurations. 

In the case of a MIMO system, the netWork of points is 
generated by the modulation constellations used to transmit 
the symbols by the different antenna. An example of embodi 
ment of sphere decoding for MIMO system is found in the 
article of M. O. Damen et al. entitled “On Maximum-Likeli 
hood detection and the search for the closest lattice point” 
published in IEEE Trans. on Information Theory, Vol. 49, N0 
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2 
10, October 2003, pages 2389-2402. In this sphere decoder, 
only PAM and QAM modulations are envisaged. 

In the folloWing description, the generic term multi-source 
designates equally Well a multi-user con?guration as a 
MIMO con?guration. It Will be understood that in the ?rst 
case the sources represent the How of symbols from or to the 
different users and, in the second case, the How of symbols 
emitted by the different antennas. Obviously, these tWo cases 
may be combined When the terminals of the users are of 
multi-antenna type. Moreover, it Will be assumed that the How 
of symbols is synchronous. 
The sphere decoding ML receiver Will be described in the 

case of K users, eachuser ke{ 1, . . . , K} transmitting by means 
of i k antenna to the receiver, i.e. a total number of 

lk 
1 

K 

P: 
k: 

sources. The signal received may be expressed in the vectorial 
form: 

(1) 

Where: 
x is a vector of decision variables of dimension P' Where P' 

is equal to the product of the number of antenna of the receiver 
With the number of decision variables observed per receiving 
antenna, for example the number of paths resolved per 
antenna. 

a is a vector of siZe PM, obtained by the concatenation of 
vectors a“), a(2), . . . ,a(P), each vector a9’), pe{ 1, . . . , P} being 
the vectorial representation of the information symbol trans 
mitted by the p’ source and being of dimension M equal to the 
dimensionality of the modulation used; 
H is the matrix of siZe P'><PM representing the transmission 

channel, it describes in particular the interferences betWeen 
users and betWeen paths from the different antenna; 
n is a vector of dimension P', the components of Which are 

samples of centred additive Gaussian White noise affecting 
the signal received. 

The maximum likelihood receiver estimates the vector a 
minimising the quadratic deviation ||x-Ha||2 With the vector 
received, i.e.: 

21 : argrninHx — Ha||2 (2) 
aeCP 

Where CP is the product constellation from the respective 
constellations of P sources. 

It can be shoWn that the expression (2) can be Written in an 
equivalent manner: 

a = argrninHz - Ra||2 (3) 
aeCP 

With ZIQTX and 
Where Q and R are respectively a unit matrix of siZe P'><P and 
an upper triangular matrix of siZe P><P obtained by QR 
decomposition of the matrix H, in other Words RT RIHT H. 

For PAM or QAM constellations, it is still possible, by 
means of an elementary linear operation 1, that We Will later 
disregard, to end up With the case Where the points of the 
constellation produced are elements of ZMP Where Z is all of 
the relative integers and M the dimensionality of the modu 
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lation constellations. The vectors Ra may then be represented 
as the points of a network A of generating matrix R. 

Sphere decoding consists in carrying out a search of the 
closest neighbour Within a sphere (in a space of dimension 
MP) centred on the point representative of the signal received 
Z. The search is carried out among the points of A included 
Within this sphere. 

The manner in Which the candidates are successively 
selected (or enumerated) is critical for the performance of the 
decoding algorithm. Essentially tWo enumeration techniques 
are known, the ?rst knoWn as Pohst, the second knoWn as 
Schnorr-Euchner. 
A sphere decoding using a Pohst enumeration Will ?rstly 

be described. 
It is assumed for the needs of illustration that the modula 

tion is of PAM type, in other Words that the space considered 
is of dimension P. It also applies to a QAM modulation, the 
dimension of the space then being 2P. 

The search is carried out, dimension by dimension, or 
according to the usual terminology, layer by layer, by select 
ing in each layer the coordinate of a candidate point of A. 

The contribution of the layer P to the quadratic distance (3) 
is simply equal to: 

(4) 

In the same Way, the contribution of the layer P-l to this 
quadratic distance is expressed by: 

(5) 

and, generally speaking, the contribution of the layer is 
expressed by: 

With El- de?ned by 

If Tl. designates the contribution of the successive layers 
i+l, . . . , P, this may be obtained by descending recurrence: 

With T PIO. 
With the previous conventions, the search in the sphere of 

quadratic radius d comes doWn to determining for each of the 
layers the values al- of Z con?rming: 

(7) 

or, in an equivalent manner: 

i a; i 
'13; 

Finally, if the PAM constellation is around M' Where M' is 
a poWer of 2 and if the above mentioned linear transformation 
is l(m'):2m'—l—M'for m'e{l, . . . , M'}, the search may be 
reduced to the uneven integers belonging to the interval [A1, 
Bi] Where: 

Where [x] is the smallest integer greater than x and [x] is the 
biggest integer less than x. 
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4 
This reduction in the search interval corresponds in fact to 

an intersection of the interval as de?ned in (9), With the 
projection of the constellation onto the dimension in question. 
An interval of validity is thereby de?ned for each layer. It 

gives the maximal admissible excursion in this layer, consid 
ering the choice already made for the values al- in the upper 
layers. 

FIG. 1 represents the principle of the sphere decoder in the 
simple case Where P:2 and M':4. The sphere is centred on the 
point Z represented by a cross. The points of the constellation 
produced C2 are represented by full circles. The interval of 
validity [A2,B2] of layer 2 is none other than the intersection 
of the projection of the sphere With that of the constellation, 
here [A2,B2]:[—3,3]. The interval ofvalidity [Al,Bl] is then 
determined by the choice of a value a2 in [A2,B2]. It may 
thereby be seen in the example illustrated that for a2:l, the 
interval of validity is [Al,B2]:[—3,l]. 

FIG. 2 represents a How diagram of the sphere decoding 
method using a Pohst enumeration. 
At step 210, the initialisation of the layer index, interme 

diate variables and search radius of the sphere are carried out, 
i.e.: iIP; TPIO; EPIO; dID Where D is the initial quadratic 
radius of the search sphere. D is chosen as a function of an 
estimation of the noise poWer. 
At step 220, one tests if Ti>d, in other Words if the interval 

is reduced to the empty assembly. If this is the case, one tests 
in 223 if iIP and in the af?rmative the algorithm ends in 225. 
In the negative, one increments i by l and one moves on to 
step 230. 

If Tléd, one calculates in 230 the bounds Al. and BI. accord 
ing to (10) and one initialises al- by ai:Al-—2. 
At step 240, one increments a. by 2 and one tests in 250 

Whether the corresponding point is still in the interval, i.e. 
aléBi. In the negative, one returns to the test 223 and in the 
af?rmative one tests in 260 if iIl. If this is not the case, one 
moves on to step 263 in Whichi is decremented by l and the 
neW values Ei:l and Ti:l are calculated. On the other hand, if 
one has reached the loWest layer, iIl, one adds in 270 the 
contribution of this latter layer to obtain the distance of the 
candidate selected to the point Z, i.e. d:Tl+|Zl—E1—rl,la1|2. 
One compares in 280 this distance to the quadratic current 
radius d. If it is loWer, the radius of the sphere is reduced as a 
consequence d:d and one updates the best candidate aIa. In 
all cases one then returns to step 240. 
The algorithm described above carries out a search by 

scanning the intervals of validity layer by layer from their 
loWer bounds toWards their upper bounds, the fastest scan 
ning being carried out in the highest layer (iIP) and sloWest in 
the loWest layer (iIl). At each selection of a neW candidate 
coordinate in a layer, the bounds of the intervals of validity of 
the upper layers are recalculated. Moreover, as soon as one 
improves the distance to the received point, one updates the 
radius of the sphere, Which enables the search to be acceler 
ated. Finally, the output vector of the algorithm is the point of 
the constellation produced the closest to the received point Z. 

Sphere decoding using the Pohst enumeration is quite sloW 
on account of the systematic scanning of the intervals of 
validity from their loWer bounds. 

Sphere decoding using the Schnorr-Euchner enumeration 
is substantially faster than the previous decoding. It is based 
on the principle that it is more ef?cient to carry out a search 
from a point e of the product constellation corresponding to a 
?rst estimation of the signal transmitted. More precisely, this 
point is obtained by means of a ZF-DFE type equalisation: 
one subtracts the interference due to a layer (a user) from the 
folloWing (loWer) layers, the decision at each layer being 
taken by the sphere decoder. 
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I.e., by beginning With the layer P: 

E; : round(e;) With (11) 

Where round(y) represents the odd relative integer (With the 
previous form of linear transformation 1) the closest to y. 

Each layer i contributes to the quadratic distance from the 
point a of the netWork to the received point Z for di:rii(ai—ei)2. 

The search for the closest neighbour is carried out in each 
layer i by considering successively the coordinates éi, ei+26i, 
al.-2G,, ei+4ei, al.-461., etc. Where 6i:sgn(ei—ei). It Will be 
understood that one thereby starts from el- and that one 
progresses in ZigZag on either side of this estimation While at 
the same time being sure to remain Within the interval of 
validity. 

FIG. 3 represents a How diagram of the sphere decoding 
method using a Schnorr-Euchner enumeration. 

At step 310, one initialises the layer index, the intermediate 
variables and the search radius of the sphere, i.e.: iIP; EPIO; 
T PIO; dID Where D is the initial quadratic radius of the 
search sphere. 
At step 320, one carries out the ZF-DFE equalisation: 

ei:round(ei) With ei:(Zl-—E l)/rl-l-, and one determines the initial 
coordinate value al.:el. as Well as the initial search direction: 
éi:sgn(ei_éi)' 
At step 330, one tests if the point is in the sphere, in other 

Words if Ti+ril-(ai—ei)2<d. In the negative, one moves on to step 
350. In the af?rrnative, one veri?es in 340 that it is indeed in 
the constellation in other Words that lail §M'—l. If this is not 
the case one moves on to step 380. 

If the candidate al. is in the interval of validity (projection of 
the intersection of the sphere and the constellation), one tests 
in 345 if one has reached the loWest layer, iIl. If this is the 
case, one continues in 360. 

If not, one updates in 347 the intermediate variables: 

Tl-_l:Tl-+rii(ai—ei)2 and one decrements i by 1. One then 
returns to step 320. 
One tests in 350 if iIP. If this is the case, the algorithm ends 

in 355, if not, one moves on to step 370 to increment i by 1. 
At step 345, if iIl, one has reached the loWest layer and 

therefore a candidate point has been found. One adds the 
contribution of this layer to obtain the distance of the candi 
date selected to the point Z, i.e. d:Tl+rl 12(al—el)2. One com 
pares in 360 this distance to the current quadratic radius d. If 
it is loWer than d, one updates the distance d:d and the closest 
neighbour a:a in 365. In all cases, one goes through 370 to 
increment i by 1. 

Finally, at step 380, one updates al- by ai:ai+6i With 
6i:—6i—2sgn(6i) and one returns to step 330. 

FIGS. 4A and 4B schematically represent the scanning of 
points according to the Pohst enumeration and that of 
Schnorr-Euchner, respectively. It has been assumed that the 
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6 
constellation Was 4-PAM and that the number of sources P 

Was 3. The different lines correspond to the projections 
according to the PI3 dimensions. One has represented by 
crosses the components of Z and by circles the points of PAM 
modulation constellations. In both cases, the branches suc 

cessively covered by the algorithm have been indicated by 
(l), (2) etc. 
While sphere decoding has been the subject of numerous 

studies for PAM and QAM modulations, it has only been 
envisaged recently for PPM (Pulse Position Modulation) 
modulations. A sphere decoding for this type of modulation 
has been proposed for a pulsed type UWB MIMO system in 
the article of C. Abou-Rjeily et al. entitled “MIMO UWB 
communications using modi?ed Hermite pulses”, published 
in Proc. of the 17th Annual IEEE Internal Symposium on 

Personal, Indoor and Mobile Communications (PIRMC’06). 
It Will be recalled that a pulsed UWB system is a system using 
the transmission in base band of very brief pulse frames (of 
the order of several picoseconds). The symbols transmitted 
belong to a modulation alphabet M-PPM, or in a more general 
manner to a hybrid modulation M-PPM-M'-PAM. The cardi 

nal of the modulation alphabet is MM'. For each of the M 
temporal positions, M' modulation amplitudes are possible. A 
symbol a of this alphabet may be represented by a sequence 
am, m:0, . . . , M-l With am:6(m—p.)0t Where p. is a position of 

the modulation M-PPM, 0t an amplitude of the PAM modu 
lation and 6(.) the Dirac symbol. Each PPM or PPM-PAM 
symbol modulates the temporal positions and, if necessary, 
the temporal positions and the amplitudes of the elementary 
pulses of a frame. 
One may consider a symbol M-PPM (resp. M-PPM-M' 

PAM) as a vector of dimension M, of Which only one of the 

components is equal to l (resp. 0t) and the others are Zero. 
Unlike a QAM modulation, the components of a PPM or 
PPM-PAM symbol are therefore not independent. 

If it is assumed that P sources transmit PPM symbols, the 
space of the signals to be considered is of dimension MP. In 
this space, each source is represented by a layer, itself com 
posed of M temporal positions (or sub-layers) of a PPM or 
PPM-PAM symbol. 
The sphere decoding described in the above mentioned 

article proposes treating in a joint manner M consecutive 
layers on account of their interdependency. 
The relation (8) is then replaced by a constraint linking M 

successive sub-layers, i.e. for the layer of order p: 

2 (l2) 

s d — Tp 

PM 

- z from/“j 
Ffmm) 

Where: 
ZQ”) is a sub vector of Z, representative of the signal 

received, in other Words the vector Z is formed by concatena 
tion of P vectors Z0), . . . , Z(P) each corresponding to a source, 

ZMQ’) being the mth component of the PPM or PPM-PAM 
symbol emitted by this source; 

the function f is given by f(p,m):(p—l)M+m; 
Tp is the sum of the contributions to the quadratic distance 

ofthe layers p+l, . . . , P. 
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Given that, for each source p, the transmission only takes 
place for a single position c(p)e{l, . . . , M}, the expression 
(12) may be reWritten in the form: 

M 2 (13) 
r ) z IZm” - rfmmlfmdphafmdm) - Einml i d - Tp 

with 

PM 

or instead in the more compact form: 

Where 
the vector a, like the vector Z, is a concatenation of P 

vectors a(l), a(z), . . . , a(P), the vector a(P) being of components 
am(P)—af(p,m), m-l, . . . , M; 

RU") is a sub-matrix M><M of R constituted of the elements 
I‘m,m,WiIhII1:(i—l)M+l, . . . , iM and m':(j—l)M+l, . . . ,jM; 

for a given matrix Q, Qwk conventionally designates the kth 
column of this matrix; 

E_ ,P is the p”’ column of a matrix E and is de?ned by 

It Will be understood from the expression (14) that the M 
sub-layers corresponding to the source p are treated jointly. In 
particular, the bounds of the intervals of validity of each of the 
components am(p) m:l, . . . , M are determined at the same 

time. These bounds depend on the candidates a(p+l) . a(P) 
already chosen for the upper layers. 

The enumeration technique used in this sphere decoding 
may be considered as an extension of a Pohst enumeration. 
The temporal positions of each layer are scanned one by one, 
from their loWer bounds, taking the precaution of only select 
ing one position per layer. The convergence of the decoding is 
therefore relatively sloW. 

Furthermore, the direct application of a Schnorr-Euchner 
type enumeration technique is far from being trivial since the 
sub-layers, in other Words the PPM positions of a same layer, 
are not independent. 

The aim of the present invention is to propose a sphere 
decoding method for a plurality of sources using a hybrid 
PPM-PAM modulation, Which converges more rapidly than 
that knoWn from the prior art. 

DESCRIPTION OF THE INVENTION 

The present invention is de?ned by a sphere decoding 
method for maximum likelihood receiver intended to receive 
PPM-PAM symbols from a plurality P of sources, each source 
emitting a How of PPM-PAM symbols at M positions and at 
M' modulation amplitudes, P PPM-PAM symbols emitted 
simultaneously by the P sources being represented by a point 
of the modulation product constellation in a space of signals 
transmitted of dimension MP decomposed into P layers, each 
layer representing the M possible modulation positions and in 
each of these positions the M' possible amplitudes of a PPM 
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8 
PAM symbol emitted by this source, the signal received by 
said receiver being transformed into a point representative of 
this signal, referred to as the received point, in the space of the 
signals transmitted, said method determining the point of the 
constellation produced the closest to the received point Within 
a sphere of given quadratic radius. According to said method, 
for each layer of rank p: 

(a) one performs a ZF-DFE equalisation of the signal 
received in said layer considering the PPM-PAM symbols 
estimated in the P-p previous layers, referred to as layers 
higher than the layer p; 

(b) a PPM-PAM symbol of this layer is selected: 
(bl) by listing, for each PPM position of said layer, the list 

of PAM symbols in this position, as a function of the 
contributions that they Would make to the quadratic dis 
tance to the received point and by retaining for each list 
the PAM symbol making the loWest contribution, 
referred to as list champion; 

(b2) by selecting the PPM position making the loWest 
contribution and by selecting as PPM-PAM symbol the 
list champion in the position thereby determined; 

(c) this contribution is added to those obtained for the 
previous layers to obtain a sum of contributions; 

the steps (a), (b), (c) being repeated until the loWest layer is 
attained; and 

one updates the quadratic radius of the sphere and said 
nearest point if said sum of contributions is loWer than the 
quadratic radius of the sphere. 

Within the step (b), the step (b2) is advantageously fol 
loWed by a step (b3) in Which one chooses as neW champion 
of the list relative to the position selected the folloWing PAM 
symbol of this list. 

If, for a given layer and a PPM-PAM symbol selected in 
this layer, said sum of contributions exceeds the quadratic 
radius of the sphere, one passes on to the upper layer and one 
selects a neW PPM-PAM symbol in this layer according to 
step (b). 

If all the symbols of said upper layer have already been the 
subject of a selection, one passes on to the yet upper layer to 
select there a neW PPM-PAM symbol according to step (b). 

If one has reached the highest layer and that, either one has 
selected all the PPM-PAM symbols of said layer, or the con 
tribution of said layer calculated for the symbol selected 
exceeds the quadratic radius of the sphere, the decoding 
method ends by said closest point. 

According to one embodiment, the PPM-PAM symbols of 
the respective sources of ranks l, . . . , P, estimated in the sense 

of maximum likelihood, are obtained as sub-vectors of M 
components of the vector of MP components representing 
said closest point. 
The invention is further de?ned by a maximum likelihood 

receiver intended to receive PPM-PAM symbols from a plu 
rality P of sources, comprising a ?lter matched to the trans 
mission channel betWeen the sources and the receiver and, if 
necessary, the spatial-temporal coding used in the emission, 
the receiver moreover comprising a sphere decoder compris 
ing means adapted to perform the steps of the sphere decoding 
method according to one of the previous claims, the sphere 
decoder receiving in input the output of said matched ?lter. 

BRIEF DESCRIPTION OF DRAWINGS 

Other characteristics and advantages of the invention Will 
become clear on reading a preferred embodiment of the 
invention and by referring to the appended ?gures, among 
Which: 
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FIG. 1 illustrates the principle of a sphere decoding for a 
system With tWo PAM sources; 

FIG. 2 represents the How diagram of a ?rst sphere decod 
ing algorithm knoWn from the prior art; 

FIG. 3 represents the How diagram of a second sphere 
decoding algorithm knoWn from the prior art; 

FIGS. 4A and 4B illustrate the scanning of points used 
respectively by the ?rst and the second sphere decoding algo 
rithms; 

FIG. 5 represents the enumeration of PPM-PAM symbols 
Within a layer for an embodiment of the invention; 

FIG. 6 represents the How diagram of a sphere decoding 
algorithm according to an embodiment of the invention; 

FIG. 7 represents an example of progression through the 
constellation produced by the sphere decoding algorithm 
according to the invention. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

We Will consider hereafter a system comprising P sources 
of PPM-PAM symbols. The modulation alphabet comprises 
M temporal positions and, for each of these temporal posi 
tions, M' amplitude values. It Will be recalled that any element 
of this alphabet may be Written in the form of a sequence 
am:6(m—p.)0t, pFl, . . . , M Where 0t is a constellation symbol 

M'-PAM. As indicated above, the sources of symbols may be 
the How of symbols emitted by the antenna of a MIMO 
terminal, How of symbols from or to a plurality of users, or 
even a combination of these tWo situations if each user ter 
minal is equipped With a plurality of antennas. In the general 
case, 

ik 
1 

K 

P = 

k: 

there i k is the number of antenna of the terminal of the user k 
and K the number of users. It Will be assumed hereafter that 
the ?oWs of symbols are emitted in a synchronous manner. 
These ?oWs of symbols modulate advantageously but not 
necessarily frames of pulsed UWB signals. 

The receiver is adapted to calculate P'M decision variables 
With P'>P. For example, each receiving antenna is equipped 
With a Rake receiver suited to separate L paths, and for each 
path the M temporal positions of the PPM modulation. The 
decision variables are then the P'M outputs of these Rake 
receivers With P'ILP’, Where P’ is the number of reception 
antenna. If a spatial-temporal coding is used at the emission, 
a ?ltering matched to this code is used in reception to separate 
the different users and in this case P':L.P’.P. 

In all cases, the signal received by the receiver may be 
represented by a vector x of dimension P'M corresponding to 
the P'M decision variable values. The vector x may be 
expressed, by adopting the same notations as for equation (1), 
in the form x:Ha+n, except that the vector n is here of dimen 
sion P'M, the vector a of dimension PM and the matrix H of 
siZe P'M><PM. The vector a may be considered as the concat 
enation of P sub-vectors a0), a(2), . . . , a0’) each sub-vector 
being relative to a source. The matrix H represents the trans 
mission channel and takes into account the multi-user and 
multi-path interferences. 

If R is the matrix of siZe PM><PM obtained by QR trans 
formation of the matrix H, ZIQT,C is an exhaustive information 
of the signal received belonging to the space of the signals 
transmitted. The sphere decoding consists in searching the 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
point a, belonging to the intersection of the product constel 
lation and a noise sphere centred on Z and for Which the 
distance to Z is minimal. By product constellation We mean 
the constellation generated by the hybrid PPM-PAM constel 
lations of the different sources. The receiver determines 

among the (MM')P points of the product constellation, in 
other Words among the (MM')P possible combinations of 
PPM-PAM symbols emitted by the P sources, that Which 
meets the criterion of maximum likelihood. One Will note, as 
previously, for any matrix Q of siZe PM><PM, Q07) the sub 
matrix of siZe M><M of R constituted of the elements 00mm‘ 
With m:(i—l)M+l, . . . , iM and m':(j—l)M+l, . . . ,jM, With 

l§i,j§P and QM MW), the (m,m') the element of the matrix 
Q03"), in other Words QM MU’DILUM m“ 
The decoding methodauses a ZP-DFE equalisation of the 

signal transmitted. More precisely, one ?rstly calculates: 

eP:vz With VIR’I (15) 

or more simply since one begins by the ?nal layer (layer of 
order P), due to the upper triangular shape of the matrix R: 

The vector eP(P) is of dimension M and has real values. One 
determines the PPM-PAM symbol 21g’) the closest to e PU’ ) in 
the sense of a certain distance that We Will detail later. More 
precisely, one determines respectively the position pos(P) and 
the amplitude aposw) giving the components am(P):(xP0S(P)6 
(m—pos(P)). As Will be seen later, pos(P) and aposw) are 
determined according to a process of competition betWeen 
PPM positions. The ZF-DFE estimation of Z(P) is expressed 
as 261’ ):eP(P ):(xP0S(P)I_ ,poswM, Where IM is the unit matrix of 
siZe M><M, in other Words 21”’) is a vector of siZe M the 
components of Which are Zero With the exception of that of 
index pos(p), equal to aposw). 
One notes e], the vector of siZe MP for Which the (P—l)M 

?rst )components are Zero and the M last are equal to those of 
e], P . 

One subtracts from the loWer layers the interference due to 
the layer P and one then estimates 21”’ '1), more precisely: 

or instead, since R and V are upper triangulars: 

(18) 

and the ZF-DFE estimation is nothing else than aP_ 1: 
eP_l(P_I)I(>LPOS(P_I)I,POSM Where pos(P-l) and (XP0S(P_l) are 
obtained by the abovementioned process of competition 
betWeen PPM positions. 
One thereby proceeds layer by layer, eliminating at each 

layer p, the interference due to the P-p upper layers. When the 
P layers have been subjected to the ZF-DFE equalisation, one 
has a vector a de?ned by the concatenation of 21¢’) for p: 
l, . . . , P. 

This vector may be represented by a point of the PPM-PAM 
constellation produced. One starts from this point to search 
the closest neighbour of Z. The search then continues Within 
said constellation, according to a method of enumeration 
described hereafter. 

It has been seen above that, for each layer p, one deter 
mined the symbol 26p) nearest to ePQ”). The contribution of this 
layer to the quadratic distance betWeen Z and a may be 
expressed: 
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(p):(xpos(p)o(m—pos(p)), this contribution is given that a 
expressed as: 

It Will be noted that in the absence of interference betWeen 
the different modulation positions, in other Words if the 
impulse response of the transmission channel is shorter than 
the temporal distance betWeen these positions, the matrix 
R9”) is diagonal and that the quadratic distance dB is identical 
to the quadratic distance betWeen the PPM-PAM symbol 
tested a ) and the signal equalised by source. 

The expression (20) can be developed in the folloWing 
form: 

(20) 

(21) 

One noW considers a given PPM position pos(p) and that 
one searches the PAM symbol in this position that minimises 
dp. Given that the ?rst term (E(P))T E9’) does not depend on 
(XPOS(P), the minimum is obtained, by deriving (21), for: 

(RVQQWTEW (22) 

Where one has noted here dpos(p) a real variable for the 
requirements of the derivation. The distance dB is therefore 
minimal for: 

(1PoS(p):round(dPoS(P)) (23) 
Where round(x) is the odd integer the closest to x. 

For a given position pos(p), the PAM symbols in this posi 
tion are tested from the value (XPOSGO then successively on 
either side of this value moving further and further aWay from 
the minimum. More precisely, the folloWing values of the 
position pos(p) are tested according to the sequence: 

(‘pose’); apos<p>+2Apos<p>; apom-Mpom; apos<p>+ 
APOSQ»); upos(p)_lApos(p); (24) 

With AP0S(P):SigI1((~XP0S(p)—[3P0S(P)), as long as one remains 
Within the bounds of the PAM constellation [—M'+l, M'—l]. 
On account of the parabolic variation of dp, the contributions 
of the successive PAM symbols of the list (24) are increasing. 

To select the PPM-PAM symbols to be tested Within a 
layer, one then proceeds as folloWs. 

For each PPM position me{ 1, . . . , M}, one determines a list 
LmP giving the list of PAM symbols for this position, noted 
amp and sorted by increasing contributions dp as in (24). Each 
list LmP corresponds to an increment value Amp and a pointer 
rump pointing to the symbol amp being tested. 

Each time that one arrives at the layer p to carry out a neW 
ZF-DFE equalisation ep(p), i.e. arriving there by the layerp+1, 
one determines the lists LmP for me{1, . . . , M} and one 
initialises the pointers rump on the ?rst respective elements of 
these lists. One determines the ?rst PPM position to be tested 
of the layer p by a competition betWeen lists. The Winning 
PPM position is given by: 

mm = argminwm (15) 

The ?rst PPM-PAM symbol tested of the layer p is conse 
quently de?ned by: 

min(0zf;)6(m — argminmm). 

One increments then the pointer J'IZPOS(P)P so that it noW points 
toWards the second element of the list LPOS(P)P, i.e. (XPOS(P)P+ 
2APOS(P)P . 
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12 
At the folloWing passage in the layer p, Without ZF-DFE 

equalisation, i.e. arriving as Will be seen by the layer p—1, one 
again carries out a competition betWeen lists, the candidates 
of each list being designated by the pointers rump. If one notes 
PAM(J'cmP) the M candidates, the Winning PPM position is 
given by: 

pos(p) = argmimPAMwm (26) 

and the corresponding PPM-PAM symbol to select is de?ned 
by the components (XP0S(P)P6(II1—pOS(p)). 
One proceeds in this Way for each passage in the layer p. If, 

for a given PPM position m, all the PAM symbols of the list 
Lmp have been tested, one sets a ?ag for the position in 
question so that they are no longer taken into account. More 
precisely, from the moment that for the ith passage in position 
m, one has: 

and that for the folloWing passage in this position one has: 

(1PoS(P)+2i*2(—1)iAPoS(P)<—M’+1 or (1PoS(P)+ 
2i*2(-1)I'APOS(P)>M’-1 

in other Words, as soon as one has crossed the upper and loWer 
bounds of the PAM constellation, a ?ag ?ag,"P is set i.e. 
?agmP:1. If one observes that 

in other Words that all the PPM-PAM symbols of the layer p 
have been tested, one passes on to the upper layer p+1, to 
search a neW PPM-PAM symbol in this latter layer. 

In FIG. 5 the manner in Which the PPM-PAM symbols 
Were enumerated Within a layer p is illustrated. It has been 
assumed here that the constellation Was 3-PPM-4-PAM and 
the PPM positions are represented by vertical bars. The points 
of the constellation are indicated by black discs, the points 
outside the constellation but belonging nevertheless to the 
netWork of points are represented by grey discs. The compo 
nents of ep(p) on the different PPM positions, in other Words of 
the signal received from the source p after ZF-DFE equalisa 
tion, are represented by black crosses. 

During a pas sage (l) in the layer p, from the layer p+1, after 
equalisation, the initial positions of the pointers are deter 
mined for each of the PPM positions. After competition 
betWeen the three lists, the position 1 is retained and the 
symbol selected is (1,+1). It is this symbol at? that Will be used 
for the equalisation of the loWer layers. The pointer of the list 
L f’ is displayed toWards the folloWing symbol of the list, i.e. 
(1 ,— 1 ). 

During a second passage (11), from the layer p—1, the com 
petition betWeen lists gives the Winning position 3. The sym 
bol selected is (3,-1). As previously, this symbol is used for 
the equalisation of the loWer layers. The pointer of the list L3 
is displayed toWards the folloWing symbol of the list, i.e. 
(3,+1). 

During a third passage (111), from the layer p—1, the com 
petition betWeen lists gives the Winning position 1. The 
pointer of the list LlP is displayed toWards the folloWing 
symbol ofthe list, i.e. (i,+3). 

During a fourth passage (TV), from the layer p—1, the 
competition betWeen lists gives this time the Winning position 
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2. The symbol selected is (2,+3) the pointer of the list L2? is 
displayed towards the following symbol of the list, i.e. (2,+ l ). 

The sphere decoding begins by the ?nal layer (layer P). 
One arranges the lists LmP, m:l, . . . M of PPM-PAM symbols 
of this layer as has been seen above. One selects ?rstly that 
Which Would make the loWest contribution d P to the quadratic 
distance to the signal received by means of the competition 
betWeen lists. One eliminates the interference generated by 
the symbol a], on all ofthe loWer layers P-l, P-2, . . . , 1. One 

then moves on to the immediately loWer layer and one restarts 
in this Way for each layer p>l. 
One progresses in this Way layer by layer, the symbols 

selected in the different layers forming a branch. If the sum of 
the contributions of the upper layers and the current layer is 
greater than the current radius of the sphere, one abandons the 
branch in question and one passes on to the layer upper to the 
current layer to select a neW PPM-PAM symbol. Conversely, 
one pursues the branch until one attains the layer of rank 1. 
The quadratic distance betWeen the point a of the product 
constellation to the received point is obtained as the sum of 
the contributions of the different layers, i.e. 

If the distance is loWer than the current radius of the sphere, 
the radius as Well as the best current point 210?, are updated. 
More precisely, the neW radius of the sphere takes the value of 
said distance and 210521. 
One then returns to the immediate upper layer (here layer 

2) to select the second PPM-PAM symbol of this layer thanks 
to the competition betWeen lists. One eliminates from the 
loWer layers (here the layer of rank 1) the interference gen 
erated by this symbol and one proceeds as previously. 

Generally speaking, let us assume that one arrives at a layer 
p+l from the loWer layer p. If the lists Lm‘”+1 are used up, in 
other Words if one has already previously tested the MM' 
symbols of this layer, or instead if the sum of the contributions 

is greater than the current quadratic radius, one passes on to 
the folloWing upper layer. 
One progresses in this Way, by successive ascents toWards 

higher and higher layers of ranks and With narroWer and 
narroWer intervals of validity (given that the radius of the 
sphere is updated), until one has used up the list of the root 
layer (layer P), in Which case the algorithm stops. In decoding 
output, the best output point 210?, is that Which achieves the 
minimum of distance to Z. The point 210?, provides the ML 
estimation of the PPM-PAM symbols transmitted by the P 
sources, i.e. 210w“), 210F522 . . . , 210;’). 

FIG. 6 represents in a schematic manner the How diagram 
of the sphere decoding method of a plurality of PPM sources 
according to the invention. 
At step 610, one initialises the layer index by that of the 

highest, pIP. One initialises the intermediate variables, par 
ticularly the quadratic radius d of the sphere, dID and P 
variables representing respectively the sum of the contribu 
tions to the quadratic distance up to the respective P layers 
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i.e. OPIO for p:l, . . . , P. 

At step 615, one performs the ZF-DFE equalisation of the 
current layerp considering the symbols 21”’), 21”’ '1), . . . , 21W) 
selected in the previous upper layers. 
At step 620, one determines the ordered lists Lmp and the 

?rst elements amp of each of these lists. One initialises the 
pointers TEMP so that they point toWards these ?rst elements. 
One determines pos(p) and (XPOS(P)P thanks to the competition 
betWeen lists then one calculates the contribution dp thanks to 
(21). One also resets the ?ags of overrunning the intervals of 
validity HagMPIO, m:l, . . . , M. 

At step 625, one updates op, the sum of the contributions of 
the layers p, . . . , P to the Euclidian distance to Z, i.e. 

op:op+l+dp, considering the PPM-PAM symbols selected in 
these layers. 
One then tests if the sum of these contributions exceeds the 

current quadratic radius d of the sphere. If this is the case, it is 
pointless conserving the current branch 261’), 261’ ‘1), . . . , 26*’) 

since it cannot, Whatever the symbols that are selected in the 
folloWing loWer layers, lead to the closest neighbour. One 
then moves on to the test 635. On the other hand if op is loWer 
than said quadratic radius, one moves on to test 640. 

In 635, one tests if pIP. If this is the case, the algorithm 
ends in 637 and the closest neighbour of Z belonging to the 
netWork is 210M. 

If p#P, one increments p on 655 and one tests in 660 if one 
has used up all the PPM-PAM symbols of the layer in ques 
tion, in other Words if 

In the af?rmative, one returns to the test 635. In the nega 
tive, in 665, one carries out the competition betWeen lists and 
one selects the neW PPM-PAM symbol of the layer. One 
updates the pointers rump and the ?ags ?agmp, for m:l, . . . , M. 
One also updates the value of d corresponding to the neW 
symbol selected and one returns to step 625. In practice, if one 
has previously calculated and stored the values dB for the 
different PPM-PAM symbols in 620, it is not necessary to 
recalculate dp. 

If it is decided to conserve the current branch 261’), 
2102-1), . . . , 26*’) in 630, one tests in 640 if this branch has 

reached the loWest layer (p:l ), in Which case one has a point 
of the netWork improving the current distance to Z and one 
moves on to step 650. If, on the other hand it is not the case 
(p#l), one passes on to the folloWing loWer layer in 645, then 
one returns to the ZF-DFE equalisation step. 
At step 650, one updates the radius of the sphere, i.e. d:ol 

and the best candidate @0521, then the search is continued by 
incrementing p at step 655. 
The best candidate gives a joint ML estimation 210w“), 

210p)”, . . . , 210??) of the PPM-PAM symbols emitted by the P 
sources. 

The progression of the sphere decoding Within the constel 
lation produced is illustrated in FIG. 7. The space of the 
symbols transmitted is divided into P layers, each comprising 
M positions at M' amplitude levels. One has represented in the 
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ordinates for each of the PPM positions of each layer p the M 
components of egg’), obtained as has been seen by ZF-DFE 
equalisation. 

The branch noted (1) is the ?rst branch tested. In the present 
case, the branch progresses up to the loWest layer and 5 
improves the quadratic distance to Z. The quadratic radius d of 
the sphere is then updated. One passes on to the layer 2 and the 
test of a neW branch (2). Given that one has selected a neW 
candidate in the layer (2), one carries out beforehand a neW 
equalisation of the layer 1. 10 
One has represented by (l) a branch being tested. It may be 

noted that When this branch reaches the layer p, the sum op of 
the contributions of the upper layers and the current layer P, 
P-l, . . . , p, exceeds the current quadratic radius d of the 

sphere. The search continues by moving to the upper layer 15 
p+l and by selecting in this layer the PPM-PAM symbol (cf. 
step 665 of FIG. 6). One updates the sum of the contributions, 
0 +1. If this sum is loWer than d, one continues With the neW 
branch (1+1), if not one again ascends a layer. 
When one reaches the highest layer (cf. step 635 of FIG. 6) 20 

and that, either one has used up the symbols of the lists 

or the contribution of the layer P exceeds d, the algorithm 
decoding ends by providing a 

The pseudo -code of the sphere decoding method according 30 
to a possible embodiment of the invention is given in the 
appendix. The folloWing notations have been adopted: 

16 
OM is the null vector of siZe M 
1M is a vector of siZe M, in Which all the components are 

equal to l; 
?ag and ?agl are matrices of siZes MP. They indicate for 

each of the layers and for each PPM position in this layer the 
overrun conditions of the bounds of the PAM constellation 
situated in this position; 

p is a vector of siZe M; 
e and E are matrices of siZe MP><P, the columns of e give the 

result of the ZF-DFE equalisation; 
A is a matrix of siZe M><P, the columns of Which are the M 

components of the PPM-PAM symbols selected for the dif 
ferent layers; 

diag(Q) is the diagonal matrix composed of diagonal ele 
ments of the matrix Q; 

Diag(Q) is a vector, the components of Which are the 
diagonal elements of the matrix Q; 

Round(x) is the integer nearest to x; 
CO is a positive number greater than the initial distance. lt 

Weights in the cost function the PPM positions in Which all the 
PAM symbols have been tested (crossing of the loWer and 
upper bounds of the PAM constellation), so as to exclude 
them from the selection. 
The sphere decoding method described above is intended 

to be implemented by means of software or hardWare means 
in a ML receiver operating in a multi-source system, for 
example a MIMO system and/ or a multi-user system. Advan 
tageously, the PPM symbols of a source serve to modulate a 
pulsed signal of the TH-UWB (Time Hopped UWB), DS 
UWB (Direct Spread UWB) or TH-DS-UWB type. The sig 
nals thus modulated are transmitted for example by means of 
conventional UWB antenna or laser diodes. 

APPENDIX 

Sphere decoding 
(input: Z, R, P, M, M’, D; output:a 

(Initialisation): Step 1 
opt) I 

Setk = P + l; dist(k) = O; V = R71; p = 0M; bestdist = D 
CO positive number such as CO > D 

Step 2: neWdist = dist(k) + pT p; 
if (neWdist < bestdist) & (k == 1) go to Step 3 else go to Step 4 endif. 

Step3: 3.1 

Step 4: 4.1 

4.7 

4.8 
4.9 
4.10 
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List competition subroutine: 
listicompete(input:E, R, M’; output:pos, amp, 0t, 0t, d) 
Step 1: El=RTE,El=diag(El) 
Step 2; 1:32 = DiagQRTR), E2 = diag(E2) 
Step 3: ct = Diag(E1(E2)’l) 

Step 4: form=1,..., @m+M/ _1 
M am : 2Round[?] —M’ +l 

Step 5: (mm = max(1 — M’, (1m); (mm = min(M'-1, (1m) endfor 
Step 6: d = —2Diag(Eldiag(ot)) + Diag(E2(diag(ot))2) 
Step 7: 

p08 = arg mom); 
.. 

amp = (11,05 

The invention claimed is: 
1. Sphere decoding method for maximum likelihood 

receiver intended to receive PPM-PAM symbols from a plu 
rality P of sources, each source emitting a How of PPM-PAM 
symbols at M positions and at M' modulation amplitudes, P 
PPM-PAM symbols emitted simultaneously by the P sources 
being represented by a point (a) of the modulation product 
constellation in a space of the signals transmitted of dimen 
sion MP decomposed into P layers, each layer representing 
the M possible modulation positions and in each of these 
positions the M' possible amplitudes of a PPM-PAM symbol 
emitted by this source, the signal received (x) by said receiver 
being transformed into a point representative (Z) of this sig 
nal, referred to as the received point, in the space of the 
transmitted signals, said method determining the point of the 
product constellation the closest (am) to the received point 
Within a sphere of given quadratic radius, characterised in 
that, for each layer of rank p: 

(a) one carries out a ZF-DFE equalisation of the signal 
received in said layer considering the PPM-PAM sym 
bols estimated in the P-p previous layers, referred to as 
layers higher than the layer p; 

(b) one selects a PPM-PAM symbol of this layer: 
(b l) by classifying, for each PPM position of said layer, 

the list (Lmp) of PAM symbols in this position, as a 
function of the contributions that they Would make to 
the quadratic distance to the received point and by 
retaining for each list the PAM symbol making the 
loWest contribution, referred to as the list champion; 

(b2) by selecting the PPM position (pos(p)) making the 
loWest contribution (dp) and by selecting as PPM 
PAM symbol (0. 0S(P)6(m—pos(p))) the list champion 
in the position tlffereby determined; 

(c) this contribution is added to those obtained for the 
previous layers to obtain a sum of contributions (op); 

the steps (a), (b), (c) being repeated until one attains the 
loWest layer; and 

one updates the quadratic radius of the sphere and said 
closest point if said sum of contributions is loWer than 
the quadratic radius of the sphere. 

2. Sphere decoding method according to claim 1, charac 
terised in that Within the step (b), the step (b2) is folloWed by 
a step (b3) in Which one chooses as neW list champion relative 
to the position selected the folloWing PAM symbol in this list. 
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3. Sphere decoding method according to claim 2, charac 
terised in that, if for a given layer and a PPM-PAM symbol 
selected in this layer, said sum of contributions exceeds the 
quadratic radius of the sphere, one passes on to the upper layer 
and one selects a neW PPM-PAM symbol in this layer accord 
ing to step (b). 

4. Sphere decoding method according to claim 3, charac 
terised in that if all the symbols of said layer upper have 
already been the subject ofa selection, one passes on to the yet 
upper layer to select there a neW PPM-PAM symbol accord 
ing to step (b). 

5. Sphere decoding method according to claim 3, charac 
terised in that if one has reached the highest layer and that, 
either one has selected all the PPM-PAM symbols of said 
layer, or the contribution of said layer calculated for the 
symbol selected exceeds the quadratic radius of the sphere, 
the decoding method ends by providing said closest point 
(a. J 

g. Sphere decoding method according to claim 5, charac 
terised in that the PPM-PAM symbols of the respective 
sources of ranks l, . . . , P, estimated in the sense of maximum 

likelihood, are obtained as sub-vectors (210,51), 210mg), . . . , 
210,?) of M components of the vector of MP components 
representing said closest point (210?). 

7. Sphere decoding method according to claim 6, charac 
terised in that for a given layer of rank p and a PPM position 
In of this layer, said list relative to this position is, after 
sorting: 

With Am:sign(otm —0tm) Where (1," is a real value representative 
of the signal received in position m, after equalisation of the 
source p, and otm the integer the nearest to otm, corresponding 
to an amplitude of the PAM constellation. 

8. Sphere decoding method according to claim 7, charac 
terised in that the real value representative of the signal 
received in position m, after equalisation of the source p is 
obtained by: 
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Where R(P’P) is the p”’ sub-matrix of size M><M on the 
diagonal of the upper triangular matrix R of siZe 
MP><MP, obtained by QR transformation of a matrix H 
representative of the transmission channel betWeen the P 
sources and said receiver; 

R (MD) is the mm column of the matrix R(P’P); and 
EQ’ISIIR(P*’)eP(P) Where elf’) represents the signal received 

from the source p after ZF-DFE equalisation. 
9. Maximum likelihood receiver intended to receive PPM 

PAM symbols from a plurality P of sources, comprising a 

20 
?lter matched to the transmission channel betWeen the 
sources and the receiver and, if necessary, to the spatial 
temporal coding used in the emission, characterised in that it 
moreover comprises a sphere decoder comprising means 
adapted to perform the steps of the sphere decoding method 
according to one of the previous claims, the sphere decoder 
receiving in input the output of said matched ?lter. 


